The Cornea Donor Study (CDS) showed that donor age is not a factor in survival of most penetrating keratoplasties for endothelial disease. Secondary analyses confirm the importance of surgical indication and presence of glaucoma in outcomes at 10 years.
T he Cornea Donor Study (CDS) was designed primarily to evaluate the effect of donor age on graft survival and endothelial cell loss in penetrating keratoplasty for endothelial disease. At 5 years, no difference in graft survival (86%) was found between participants who received corneas from donors aged 12 to 65 years and from donors aged 66 to 75 years.
1 By 10 to 12 years, a small but nonsignificant difference (77% survival for the younger group and 71% for the older group) could be detected. 2 However, the evidence suggested that an age effect at the extremes of the donor age range existed, that is, 96% survival for 80 donors aged 12 to 33 years and 62% survival for 130 donors aged 72 to 75 years. The effects of recipient, donor, and surgical factors other than donor age on graft survival at 5 years have been reported in prior publications. [3] [4] [5] [6] [7] [8] The most prominent finding was that eyes with Fuchs dystrophy had a substantially lower failure rate (7%) than eyes with pseudophakic or aphakic corneal edema (PACE) (27%). 7 Donor endothelial cell density (ECD) had no effect on outcomes, but 6-month postoperative ECD less than 1700 cells/mm 2 and corneal thickness (CT) greater than 600 μm at 1 year were associated with an increased risk for failure at 5 years. 8 Most other factors studied had marginal or no effect on outcomes. The extension of the CDS to 10 to 12 years of follow-up provides opportunities to examine the longer-term effects of donor and recipient factors on graft survival and in particular to assess the relationship of ECD and CT at 5 years to the subsequent course of the grafts.
Methods

Study Protocol
Complete details of the CDS protocol have been reported previously. 1, 9, 10 The study protocol was approved by the institutional review board at each investigational site (listed at the end of this article). From January 10, 2000, through August 2, 2002 , a total of 1090 eligible patients (median age, 72 [interquartile range, 65-76] years) at 80 sites underwent penetrating keratoplasty for Fuchs dystrophy (62%), PACE (34%; 93% for pseudophakic and 7% for aphakic), or another corneal endothelial disorder (4%). Written informed consent was obtained from each participant for the first 5 years of follow-up, and 663 participants who did not undergo regrafting by 5 years renewed consent for follow-up through 2012. Eligible donor corneas met the standards of the Eye Bank Association of America for human corneal transplantation.
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Additional donor eligibility criteria included age from 10 to 75 years and an eye bank-measured ECD of 2300 to 3300 cells/mm 2 . Median donor age at the time of death was 61 (interquartile range, 52-69) years. Clinical investigators and participants were masked to certain characteristics of the donor tissue, including age and ECD. Donor tissue was assigned without regard to recipient age or other participant characteristics. Preoperative management, penetrating keratoplasty surgical technique, and postoperative care were provided according to each investigator's directive. In the first 6 months of the study, follow-up visit frequency was left to each investigator's routine. Then the minimum follow-up schedule included a visit between months 6 and 12 and then annual visits through 2012. Corneal thickness, measured using an ultrasonic pachymeter per the investigator's usual routine, was optional at postkeratoplasty follow-up visits. Measurements were recorded to the nearest micrometer. Graft clarity was assessed at each visit. The definition of graft failure, based on the definition used in the Collaborative Corneal Transplantation Studies, 12, 13 was a second graft or, in its absence, a cloudy cornea with loss of central graft clarity sufficient to compromise vision for a minimum of 3 consecutive months. Details regarding classification of graft failure have been published.
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A subset of the CDS participants also consented to participate in the Specular Microscopy Ancillary Study. 4 Preoperative specular microscopic images of the central donor corneal endothelium were provided by participating eye banks. Postoperative specular microscopic images of the central corneal endothelium of the graft were obtained at the 6-month and annual follow-up visits. The preoperative donor images and postoperative recipient images were evaluated for quality and ECD by a central reading center, the Cornea Image Analysis Reading Center (formerly the Specular Microscopy Reading Center) at University Hospitals Eye Institute, Case Western Reserve University, using a previously described variable frame analysis method. 14 
Statistical Analysis
Cumulative probabilities of graft failure (hereinafter referred to as graft failure rates) along with 99% CIs were calculated at 10 years using the Kaplan-Meier method. Proportional hazards regression was used to assess the association of baseline recipient factors with graft failure in univariate and multivariate analyses. Covariates with P < .10 were included in a multivariate model to control for potential confounding factors; however, owing to multiple comparisons, only covariates with P < .01 were considered statistically significant. The proportional hazards assumption was violated for diagnosis and donor age in the final multivariate baseline recipient factors model. The baseline hazard function was stratified by donor age, but hazard ratios (HRs) were modeled for diagnosis so that the values could be displayed. Results were similar for the other recipient factors when the baseline hazard functions were also stratified by corneal diagnosis (eTable 1 in the Supplement). The association of lens status with graft failure was assessed in separate proportional hazard regressions for patients with Fuchs dystrophy and PACE, with adjustment for participant age and smoking status and stratification of the baseline hazard function by donor age. Additional analyses were performed on the subset of patients who had available ECD and/or CT measurements. Multivariate proportional hazards models were fit conditionally on graft survival at 5.5 years, which was the upper limit for the 5-year visit window. Similar models were run at 6 months and 1 year. No significant deviations from the proportional hazards assumptions were detected for follow-up ECD or CT values.
In all multivariate models, missing data were treated as a separate category for discrete covariates, and a missing value
Results
Graft failure occurred in 224 of the 1090 participants (21%). In univariate and multivariate analyses, the 10-year graft failure rate was higher in participants with PACE than in those with Fuchs dystrophy (37% vs 20%; P < .001) and in participants with a history of glaucoma (glaucoma surgery before penetrating keratoplasty and/or use of medications to lower intraocular pressure at the time of penetrating keratoplasty), particularly when prior glaucoma surgery had been performed (58% in participants with prior glaucoma surgery and using medications to lower intraocular pressure at the time of surgery vs 22% with no history of glaucoma surgery or medication use; P < .001) ( Table 1) . We found trends toward increased graft failure in recipients who were older (P = .04) or who had a history of smoking (P = .02) that did not meet our threshold for statistical significance accounting for multiple comparisons (Table 1) . African American race was associated with increased graft failure in univariate analysis (P = .002), and this trend was also ob- proportional hazards models include all follow-up data from surgery to the end of the study. c The multivariate model was generated through stepwise selection of variables with the criterion P < .10. The baseline hazard function was stratified by donor age because it violated the proportional hazards assumption. The proportional hazards assumption was also violated for diagnosis. Results were similar when the baseline hazard function was also stratified by diagnosis (eTable 1 in the Supplement served in multivariate analysis but did not reach statistical significance (HR, 1.5; P = .11).
Further exploration showed that the effects of the recipient's corneal diagnosis and history of glaucoma were primarily limited to the first 5 years after surgery. During the first 5 years, the HR for graft failure for PACE compared with Fuchs dystrophy was 4.3 (99% CI, 2.6-7.1; P < .001), whereas, among grafts still functioning at 5 years, the corresponding HR for subsequent failure was 1.1 (99% CI, 0.6-2.1; P = .65). Results were similar for individuals with a history of glaucoma: during the first 5 years, the HR for participants with a history of glaucoma surgery and use of medication to lower intraocular pressure at the time of penetrating keratoplasty was 7.2 (99% CI, 3.8-13.5; P < .001) compared with patients with no history of glaucoma surgery, and the corresponding HR afterward was 0.5 (99% CI, <0.1 to 7.3; P = .55).
Among participants with Fuchs dystrophy, the 10-year postoperative graft failure rate was similar in eyes with postoperative phakia and pseudophakia (16% vs 20%; P = .34), with almost all of the pseudophakic eyes having posterior chamber intraocular lenses (IOLs) (96% of 501). Among participants with PACE, graft failure by 10 years was more common when an anterior chamber lens was present postoperatively than with a posterior chamber lens (57% vs 30%; multivariate HR, 1.9 [99% CI, 1.1-3.4]; P = .02) ( Table 2 ). This HR did not vary meaningfully during the 10 years of follow-up. Eyes with a preoperative anterior chamber lens that was retained postoperatively (n = 81) had a 59% graft failure rate by 10 years, whereas those with an anterior chamber lens exchanged for a posterior chamber lens (n = 28) had a 23% failure rate (multivariate HR, 0.4 [99% CI, 0.1-1.2]; P = .04) (eTable 2 in the Supplement). Other than lens status, the effect of the baseline recipient factors on graft failure was similar in participants with Fuchs dystrophy and those with PACE ( Table 3) .
Measurements of ECD and CT at 6 months and 1 and 5 years were strongly associated with an increased probability of subsequent graft failure ( Table 4) . Among participants with a surviving graft at 5 years, the conditional probability of graft failure by 10 years was 29% among 46 participants with a 5-year ECD of less than 500 cells/mm 2 compared with 10% for the 210 participants with a 5-year ECD of 500 to 1499 cells/mm 2 and 2% for the 57 participants with a 5-year ECD of at least 1500 cells/mm 2 (P < .001) ( Table 4 and the Figure, A) . With respect to CT, the conditional probability of failure by 10 years was 34% among the 40 participants with a 5-year CT of at least 650 μm compared with 19% among the 97 participants with a 5-year CT of 600 to 649 μm and 8% among the 305 participants with a 5-year CT of less than 600 μm (P < .001) ( Table 4 and the Figure, B ). The correlation between the 5-year ECD and CT measurements was −0.31 (n = 273) (99% CI, −0.41 to −0.20; P < .001). Graft failure rates combining the 5-year ECD and CT data are shown in eTable 3 in the Supplement. The addition of preoperative diagnosis in the recipient, glaucoma history, and donor age to the model did not appreciably increase the ability to predict the probability of subsequent graft failure (eTable 4 in the Supplement). As at 5 years, no other donor factors, including eye bank variables and ABO matching, and no operative factors correlated with graft failure at 10 years.
Discussion
Analysis of the CDS data after 10 to 12 years of follow-up largely showed similar associations of baseline recipient factors with graft failure as were seen after 5 years in eyes undergoing penetrating keratoplasty for corneal endothelial disease. Graft failure was again shown to be more likely in participants with PACE than with Fuchs dystrophy and in participants with a history of glaucoma, particularly when prior glaucoma surgery had been performed. In addition, trends suggested higher failure rates in recipients who were 70 years or older or African American or who had a history of smoking. No other donor factors were sig- years, we found no indication that ABO blood type incompatibility between donor and recipient was important; however, this finding must be viewed in the context that the study eyes were not considered to be at high risk for rejection failure. 6 During the course of the study, ECD and CT were strongly associated with subsequent graft failure. However, despite these significant associations, neither factor was strongly predictive of graft failure. Even with an ECD of less than 500 cells/ mm 2 at 5 years, the probability of graft survival at 10 years was 71%. Likewise, even when the CT was at least 650 μm at 5 years, the probability of graft survival at 10 years was 66%. Combining ECD and CT data with donor age, preoperative diagnosis in the recipient, and glaucoma history did not improve the prediction of success. These data may be useful for clinicians in counseling patients and to provide reassurance that most grafts will remain clear for a number of years, even when the ECD is less than 500 cells/mm 2 .
By 10 years, recipient diagnosis remained the most important predictor of outcome, with PACE grafts having failed at almost twice the rate of grafts for Fuchs dystrophy. PACE increased the rate of early failures, but grafts in eyes with PACE that survived the first 5 years had a failure rate from 5 to 12 years similar to that for eyes with Fuchs dystrophy. This finding is consistent with the hypothesis that many eyes developing PACE have a pathologic response to IOL presence that persists after keratoplasty. 7 That is, many eyes with PACE constitute a subset of all pseudophakic eyes: those with poor tolerance of IOLs. Those eyes manifesting this effect of IOLs may drop out of the surviving graft group early, leaving those with PACE not attributable to continued IOL effects after the first 5 years. The lack of effect of lens status in eyes with Fuchs dystrophy and the detrimental effect of anterior chamber vs posterior chamber IOLs in PACE eyes throughout the 10-year follow-up bolster this notion. The postkeratoplasty presence of an anterior chamber IOL was associated with a 1.9-fold increased risk for failure compared with a posterior chamber IOL in PACE eyes. Unlike the overall IOL effect, the detrimental effect of anterior chamber IOLs persisted from 5 to 10 years. This adverse effect of anterior chamber IOLs on graft survival has been noted in the past. 15, 16 PACE eyes in which the anterior chamber IOL was replaced with a posterior chamber IOL at keratoplasty had an approximately 60% reduction in the risk for failure, confirming this effect. Preoperative glaucoma, particularly prior surgical glaucoma treatment in PACE eyes, also was associated with early failures. Insufficient numbers of participants with glaucoma were available to determine whether this association was true for eyes with Fuchs dystrophy, and data were not collected to evaluate the effect of intraocular pressure control after the first postoperative month. Other studies have associated preoperative and postoperative glaucoma with corneal graft failure in eyes with PACE and Fuchs dystrophy. 17, 18 Glaucoma surgery, particularly with tube drainage devices, has been strongly associated with graft failure. 19 These failures are likely related to endothelial cell decline, but the mechanism is unknown. Diabetes mellitus in recipients did not contribute to graft failure, but we found a trend for a higher failure rate among recipients who smoked compared with those who were nonsmokers. Smoking has been associated with the severity of corneal edema in Fuchs dystrophy. 20 Association of smoking and other risk factors with Fuchs endothelial corneal dystrophy may be mediated through oxidative endothelial damage. 20, 21 In addition, trends toward a higher failure rate in recipients older than 70 years and African American recipients were found. An association between nonwhite race and corneal graft failure has been noted previously.
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Conclusions
Analysis of the CDS data after 10 to 12 years of follow-up extends our understanding of the association of donor and recipient factors with graft failure in eyes undergoing penetrating keratoplasty for corneal endothelial disease. To our 
Research Original Investigation
Factors Predictive of Corneal Graft Survival
